man. Noninvasive measurement of concurrent single-kidney perfusion, glomerular filtration, and tubular function. Am J Physiol Renal Physiol 281: F630-F638, 2001.-To assess the reliability of electron beam computed tomography (EBCT), measurements of single-kidney renal blood flow (RBF), glomerular filtration rate (GFR), and intratubular contrast medium concentration (ITC) of radiographic contrast media were quantified in anesthetized pigs before and after acetylcholine-induced vasodilation and diuresis. EBCT measurements were compared with those obtained with intravascular Doppler and inulin clearance. The capability of EBCT to detect chronic changes in single-kidney function was evaluated in pigs with unilateral renal artery stenosis, and their long-term reproducibility in normal pigs was studied repeatedly at 1-mo intervals. EBCT-RBF (ml/min) correlated with Doppler-RBF as RBF EBCT ϭ 45 ϩ 1.07 ‫ء‬ RBFDoppler, r ϭ 0.81. EBCT-GFR (ml/min) correlated with inulin clearance as GFREBCT ϭ 11.7 ϩ 1.02 ‫ء‬ GFRinulin, r ϭ 0.80. During vasodilation, RBF and GFR increased, whereas ITC decreased along the nephron. In renal artery stenosis, single-kidney GFR decreased linearly with the degree of stenosis, and ITC increased along the nephron, indicating increased fluid reabsorption. EBCT-RBF, GFR, and ITC were similar among repeated measurements. This approach might be invaluable for simultaneous quantification of regional hemodynamics and function in the intact kidneys, in a manner potentially applicable to humans. renal blood flow; glomerular filtration rate; electron beam computed tomography
THE KIDNEY PLAYS A MAJOR ROLE in a variety of physiological and pathophysiological situations, which may be associated with redistribution of intrarenal blood flow, changes in glomerular filtration rate (GFR), or alterations in the renal tubular reabsorption process. The ability to accurately quantify intrarenal blood flow and tubular function would contribute substantially to our understanding of a variety of renal disease mechanisms, as well as potentially increasing the accuracy of diagnosis and directing appropriate therapy. Moreover, in diseases in which these alterations may present unilaterally, such as renal artery stenosis or ureteral obstruction, determination of single-kidney renal blood flow (RBF), GFR, or tubular dynamics may contribute to assessment of renal viability or success of therapy. Nevertheless, these measurements are difficult to obtain noninvasively or in a manner applicable to humans.
Electron beam computed tomography (EBCT) provides reliable measurements of regional renal volume and blood flow (30) . Measurements of RBF with EBCT are obtained by recording changes in renal tissue image densities (i.e., radioopacity), which are consequent to transit of a bolus of X-ray contrast media in the renal vascular compartment (17) . However, similar to inulin, urographic contrast media undergo glomerular filtration and are not secreted or reabsorbed in the kidney (17) . This enables external detection of contrast media flow along the renal tubules, subsequent to their transit in the vascular compartment (18, 29) . However, the resultant renal timedensity curves (TDC) partially overlap because of the spatially intermingled vascular and tubular compartments, and assessment of intratubular contrast fluid concentration (ITC) and transit times therefore requires appropriate mathematical stripping (18) .
We have developed a model that allows separate delineation of renal vascular and tubular fluid flow in individual nephron segments and thus faithful measurements of RBF and tubular dynamics in the intact kidney in vivo. Moreover, this approach enables simultaneous measurement of the accumulation rate of contrast media in the proximal tubule and thereby calculations of single-kidney GFR, using a single bolus injection of filterable contrast media. The aim of this study was to define whether this approach provides reliable measurements of single-kidney RBF, GFR, and tubular dynamics with EBCT across a wide range of acute and chronic physiological conditions.
MATERIALS AND METHODS
This study was performed according to institutional guidelines for the care and use of laboratory animals. Domestic female pigs (body wt 30-70 kg) were used in this study.
Group 1 (n ϭ 10) was used to compare the consistency of EBCT quantifications of RBF with those obtained using an intravascular Doppler wire, whereas group 2 (n ϭ 5) was used to compare EBCT quantifications of GFR with simultaneous measurements of inulin clearance. To examine the reliability of EBCT measurements during increments of RBF and GFR, EBCT studies in group 2 and in six pigs from group 1 were repeated during renal vasodilation obtained with a suprarenal intra-aortic infusion of the renal vasodilator and diuretic acetylcholine.
To examine the capability of EBCT to detect chronic decrements in renal hemodynamics and function, group 3 (n ϭ 6) was studied before and again 2 mo after induction of unilateral renal artery stenosis using an intra-vascular local-irritant stent device, as previously described (19) . Values of RBF, GFR, and ITC obtained in these pigs were compared with those measured in group 4 (n ϭ 4), which included sham-operated, body-size-matched normal pigs.
To test the reproducibility of our EBCT measurements of RBF, ITC, and GFR, group 4 pigs were studied with EBCT three consecutive times at 1-mo intervals. The quantifications obtained under basal conditions, and the degrees of response to suprarenal acetylcholine (percent change from baseline), were hence compared among the three different experimental periods.
Experimental Protocol
Animal preparation. The night before the EBCT study, each animal was fasted but allowed ad libitum access to water. On the day of the study, each animal was anesthetized with 0.5 g intramuscular ketamine, intubated, and mechanically ventilated with a mixture of room air and 50% O 2. Anesthesia was maintained with a mixture of ketamine (0.2 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and xylazine (0.03 mg ⅐ kg Ϫ1 ⅐ min
Ϫ1
) in normal saline administered via an ear vein cannula at a rate of 3 ml⅐ kg Ϫ1 ⅐ min Ϫ1 . Under sterile conditions an 8-F arterial guide was then advanced through a left carotid arterial sheath, positioned under fluoroscopic guidance in the upper abdominal aorta, and served for on-line monitoring of mean arterial pressure (MAP). A tracker catheter was advanced through the arterial guide to the upper abdominal aorta and placed above the level of both renal arteries for infusion of saline (1.5-2 ml/min) or acetylcholine (4.5 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ), and, in groups 1 and 3, also for performance of Doppler flowmetry or selective renal angiography. A "pigtail" catheter advanced through a vascular sheath in the left jugular vein was placed in the superior vena cava or right cardiac atrium for subsequent contrast media injections. In group 2, a 40-ml primer bolus of a 2% inulin solution was also administered into a side arm of the venous sheath, followed by a constant infusion of 1.0 ml/min. Last, an additional suprapubic pigtail catheter was placed in the urinary bladder for collection of urine. Ureteral catheterization was not performed to minimize invasiveness of the study.
In group 1, the tracker catheter was then advanced into the proximal section of the left renal artery. A Doppler flow wire (FloWire, Cardiometrics, Mountain View, CA) 0.014 in. in diameter (cross-sectional area of 0.1 mm 2 ) was advanced through the tracker and positioned midstream in the proximal-middle section of the renal artery (proximal to any bifurcation), and blood velocity measurements were monitored. Once these measurements were stable for at least 10 min they were recorded, and selective renal angiography was performed and saved on videotape, to verify and record the position of the Doppler wire and to subsequently measure off-line the diameter of the renal artery at that location. To minimize hemodynamic perturbations, only short bolus injections of the non-ionic, low-osmolar contrast medium iopamidol-370 (Isovue, Squibb Diagnostics, Princeton, NJ) were used. The tracker and Doppler flow wire were then transferred to the right renal artery for similar measurements of velocity and arterial diameter. Following baseline measurements, supra-renal acetylcholine infusion was initiated. Once velocity measurements in the right renal artery were stable for at least 10 min, these were recorded and followed by selective renal angiography. This procedure was repeated in the left renal artery, and the catheter then was withdrawn to a level above both renal arteries for the subsequent EBCT study.
EBCT studies. After placement of intravascular catheters, the animals were allowed a 1-h recovery period, during which they were positioned in the EBCT (C-150, Imatron, South San Francisco, CA) scanning gantry. All EBCT studies were performed during respiratory suspension at end-expiration. With the use of localization scans, all tomographic levels containing both kidneys were identified (for subsequent renal volume studies), whereas two adjacent midhilar tomographic levels demonstrating both kidneys were selected for performance of flow studies. Urine was collected from the urinary bladder catheter during a 10-min control period before each EBCT flow study, and a blood sample was collected in the middle of this period and placed on ice.
RENAL HEMODYNAMICS AND TUBULAR DYNAMICS. For the study of renal perfusion and tubular flow, the kidneys were scanned in the standard resolution (50 ms/image), multislice flow mode, resulting in two contiguous 8-mm-thick tomographic sections through the hilar regions of both kidneys. The field of view used was 26 cm with a matrix of 360 ϫ 360 pixels, resulting in pixel size of 0.72 mm 2 and voxel size of 5.8 mm 3 . Forty consecutive scans were obtained over the preselected levels 3 s after a bolus injection (0.5 ml/kg over 1-2 s) of iopamidol into the central venous catheter. The first 20 scans were performed at the rate of 1 scan/0.6-2.5 s to sample rapid intravascular density changes, whereas the last 20 images were acquired at 6-to 8-s intervals to follow intratubular density changes (18) . Total scanning time was 3 min, and each animal received assisted ventilation in between scans during the last 20 scans.
Fifteen minutes after the baseline flow study, a 20-min infusion of acetylcholine (4.5 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was initiated in groups 2 and 4 and in 6 pigs from group 1. During the last 10 min of this infusion, urine and blood were collected, and the EBCT study was then repeated (8) .
RENAL VOLUME. The flow study was followed by a volume study, which was performed in the continuous volume-scanning mode using a 6-mm tomographic slice thickness. Scanning commenced 10 s after an injection into the right atrial catheter of 0.5 ml/kg of iopamidol over 5-6 s. The kidneys were thereby scanned from pole to pole during peak enhancement to obtain contiguous, 6-mm-thick tomographic levels for subsequent measurement of cortical, medullary, and whole kidney volume (19) .
After completion of all studies, the animals were euthanized with a lethal intravenous injection of Sleepaway (Fort Dodge Laboratories, Fort Dodge, IA).
Data Analysis
Blood and urine samples from group 2 were analyzed for concentration of inulin (using a spectrophotometer), and urinary flow rate (with a graduated cylinder) and sodium excretion were measured (using a flame photometer). Inulin clearance for both kidneys was calculated as UV/P, where U is urinary inulin concentration, V is urinary flow rate, and P is inulin plasma concentration. To estimate inulin clearance per kidney, total inulin clearance was multiplied by fractional renal volume (right or left renal volume divided by the sum of right and left renal volumes), assuming that in normal subjects the relative contribution of each kidney would be approximately proportional to its size.
Renal arterial luminal diameter at the position of the Doppler flow wire was measured off-line (19) from the fluoroscopy images obtained in group 1 under basal conditions and during acetylcholine infusion. RBF was then determined from the corresponding Doppler average peak velocity (APV) measurements as (5, 12) 60 ‫ء‬ (APV/2) ϫ ϫ (renal arterial radius) 2 .
Image Analysis
EBCT images were reconstructed using a standard tomography reconstruction algorithm and displayed on a Sun system workstation using the software package ANALYZE (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN).
Renal perfusion and tubular dynamics. Regions of interest were selected in the cross-sectional images from the aorta and right and left renal cortex, medulla, and papilla (18, 29) . The average image density of each sampled region in each of the 40 images was then calculated and recorded by the software, and the data were transferred to a personal computer to generate a TDC for each region describing the sequential change in tissue density. Our model, which is an extension of the standard gamma-variate curve fitting algorithm (see the APPENDIX), was custom implemented in a dataanalysis/graphics computer program (KaleidaGraph, Synergy Software, Reading, PA) and sequentially applied to each raw data set according to the region of interest from which the data was obtained.
The renal cortical TDC typically exhibited three sequential peaks (Fig. 1A) , which corresponded to transit of the contrast bolus in the cortical vascular compartment, proximal tubule, and distal tubule, respectively (18) . The time-density data obtained from the cortex were therefore fitted with a curvefitting algorithm, which assumes a tricompartmental (vascular, proximal tubular, and distal tubular) distribution of the indicator (see the APPENDIX)
where C(t) is the contrast concentration as a function of time t (s), and the remaining are curve-fitting parameters. The medullary TDC exhibited two peaks (Fig. 1B) , corresponding to the transit of the contrast medium in the vascular compartment, followed by tubular fluid arrival via the loop of Henle. The model applied to the medullary TDC therefore assumed a bicompartmental distribution of the indicator (see the APPENDIX)
The papillary TDC also exhibited two peaks (the second of which depicted transit of contrast in the collecting duct) that, similar to the medulla, were fitted with function 2.
For each peak observed in the regions of interest, the area under the curve and its first moment were calculated. The parameters obtained from the vascular curve in each region ( Fig. 1 ) were used to calculate regional perfusion, whereas parameters obtained from all subsequent peaks were used to calculate tubular dynamics.
The first moment of the curve was assumed to represent mean transit time (MTT; s) through each vascular compartment and was calculated using curve-fitting parameters (37) as
MTT was similarly calculated for each tubular compartment from the corresponding curve fitting parameters (e.g., for proximal tubule from a and h) and represented the cumulative transit time starting at contrast appearance in the kidney. Last, to calculate transit time within each tubular segment alone, MTT of the previous more proximal segment in the series was subtracted.
Blood volume (vascular volume fraction) was calculated as area under tissue vascular curve/area under aortic vascular curve. Regional perfusion, or blood flow normalized per unit tissue (ml blood ⅐ min Ϫ1 ⅐ cm 3 tissue Ϫ1 ), was conventionally calculated (20, 31) as Perfusion ϭ 60 ‫ء‬ blood volume/MTT/͑1 Ϫ blood volume͒ where (1 Ϫ blood volume) is a correction for dynamic changes in blood volume that occur in vivo (40) so that perfusion can be expressed as flow per unit volume of renal parenchyma. ITC (i.e., degree of concentration or dilution of tubular fluid) was calculated for each nephron segment as the ratio of the area under each curve to that of the cortical vascular curve (8) and divided by normalized GFR (see below). This calculation allows standardized quantifications of ITC across a range of physiological conditions, independent of concurrent contrast delivery via the vascular circulation or glomerular filtration (19) , which is useful for situations in which RBF and GFR change independently or are individually impaired (23, 35) .
Renal volume. After identification of the renal cortex and medulla on each tomographic level obtained in the volume study, volumes were calculated using a statistical pointcounting volume estimation program implemented with AN-ALYZE (15) . Papillary volume was not independently determined, because the papilla could be distinguished from the medulla at the vascular phase, during which a volume scan was performed.
RBF. RBF (ml/min) was subsequently calculated as the sum of cortical and medullary blood flows (14) obtained from each cortex and medulla as the product of its perfusion and volume.
GFR. GFR (normalized; ml ⅐ min Ϫ1 ⅐ ml tissue Ϫ1 ) was calculated from the right and left cortical TDC as GFR ϭ ͑slope of proximal tubular curve ϫ cortical vascular MTT/area under aortic curve͒ ϫ 60
The maximal slope of the ascending arm of the proximal tubular curve represents the rate of contrast accumulation secondary to glomerular filtration. The cortical vascular MTT approximates the duration of this process, whereas division by the area under the aortic curve normalizes the measurement for contrast input. Because the filtration occurs in the cortex, normalized GFR (ml ⅐ min Ϫ1 ⅐ ml tissue Ϫ1 ) was also multiplied by the corresponding cortical volume to obtain single-kidney GFR (ml/min).
Statistical Analysis
Results of the quantitative traits are expressed as means Ϯ SE. In normal pigs the values of all kidneys were compiled. Statistical comparisons between experimental periods within groups (e.g., baseline vs. acetylcholine) were performed using a paired Student's t-test and among groups using ANOVA and an unpaired Student's t-test. Comparisons among repeated measures in group 4 utilized ANOVA. Regressions were calculated by the least-squares method. Statistical significance for all tests was judged at P Յ 0.05.
RESULTS
Infusion of acetylcholine into the suprarenal aorta was followed by a transient decrease in MAP, which returned to baseline levels within 2 min (8), whereas heart rate was unchanged.
EBCT vs. Doppler RBF
Cortical and medullary vascular volume fractions (0.38 Ϯ 0.02 and 0.26 Ϯ 0.02 ml/ml issue, respectively) did not change significantly during acetylcholine infusion. However, a significant decrease in their vascular MTT resulted in a significant increase in both cortical and medullary perfusion and, consequently, RBF. In group 1, a significant acetylcholine-induced increase in RBF was detected by both the Doppler (from 227.5 Ϯ 27.2 to 375.6 Ϯ 85.6 ml/min, P ϭ 0.016) and EBCT (from 257.1 Ϯ 24.9 to 415.3 Ϯ 56.5 ml/min, P ϭ 0.0003) techniques. RBF measurements obtained by the two methods were significantly correlated ( Fig. 2A) , and the relationship between them was not statistically different from the identity line at 90% confidence intervals.
EBCT-GFR vs. Inulin Clearance
In group 2, a significant acetylcholine-induced increase in GFR was detected by both inulin clearance (from 40.1 Ϯ 2.2 to 58.8 Ϯ 2.7 ml/min, P ϭ 0.029) and EBCT (from 49.5 Ϯ 2.2 to 69.0 Ϯ 3.1 ml/min, P ϭ 0.006). Inulin clearances were lower than EBCT-GFR (P ϭ 0.02), but the measurements obtained by the two methods correlated well (Fig. 2B) .
EBCT Measurements of Tubular Dynamics
In group 2, acetylcholine induced a significant intratubular dilution (decrease in ITC) in all tubular segments (P Ͻ 0.0001), especially in the collecting duct (Ϫ48 Ϯ 5%), suggesting decreased fluid reabsorption (Table 1 ). In addition, intratubular transit times shortened significantly in the proximal and distal tubules (P Յ 0.002 for both). These changes were also associated with a significant increase in urinary flow rate (ϩ384 Ϯ 103%, P ϭ 0.012) and sodium excretion (ϩ494 Ϯ 200%, P ϭ 0.013).
EBCT Measurements of RBF, ITC, and GFR in Stenotic Kidneys
In group 3, 2 mo after implantation of the stent, severe renal artery stenosis (79 Ϯ 5% decrease in luminal area by quantitative renal angiography) was accompanied by a significant increase in MAP (from 111 Ϯ 6 to 150 Ϯ 13 mmHg, P ϭ 0.002). The stenotic kidney was significantly smaller than the normal kidneys of group 4 in the 2-mo study (70.1 Ϯ 14.1 vs. 111.6 Ϯ 5.1 ml, respectively, P ϭ 0.005). EBCT-RBF of the stenotic kidney was lower than in group 4 (324.7 Ϯ 99.4 vs. 509.3 Ϯ 51.6 ml/min, respectively, P ϭ 0.05) as was EBCT-GFR (18.4 Ϯ 5.1 vs. 31.9 Ϯ 4.4 ml/min, respectively, P ϭ 0.03). EBCT-derived GFR in group 3 correlated well with the decreased volume and RBF of the stenotic kidney (r ϭ 0.94 and 0.93, respectively, P Ͻ 0.001) as well as with the degree of renal artery stenosis (Fig. 3A , r ϭ Ϫ0.98, P Ͻ 0.0001).
In addition, a significantly higher ITC in group 3 compared with group 4 was observed in all tubular segments ( Fig. 3B , P Յ 0.01 for each segment). Compared with the initial increase observed in the proximal tubule, the only more distal nephron segment that tended to show a further increase in ITC relative to group 4 was the collecting duct (P ϭ 0.06). The changes in ITC were accompanied by a significant prolongation of tubular transit times in the nephron segments from the loop of Henle and distally (P Յ 0.02).
Reproducibility of EBCT Measurements
In group 4, normalized (indexed to renal size) EBCT measurements of perfusion, GFR, and ITC studied at 1-mo intervals were generally similar to each other. Baseline cortical perfusion was lower than both the 1-and 2-mo measurements (2.5 Ϯ 0.2, 4.6 Ϯ 0.3, and 3.8 Ϯ 0.4 ml ⅐ min Ϫ1 ⅐ ml
Ϫ1
, respectively, P ϭ 0.006), which were similar to each other (P ϭ 0.44), but medullary and papillary perfusions remained unchanged among the studies (P ϭ 0.31 and 0.76, respectively). Values are means Ϯ SE; n ϭ 10 kidneys. CT, computed tomography. * P Ͻ 0.05 compared with baseline. There were no significant differences in values of GFR among the three studies (0.60 Ϯ 0.07, 0.70 Ϯ 0.03, and 0.63 Ϯ 0.06 ml ⅐ min Ϫ1 ⅐ ml tissue
, P ϭ 0.24). ITC in the proximal tubule, loop of Henle, distal tubule, and collecting duct were also not significantly different from each other (P ϭ 0.17, 0.43, 0.43, and 0.20, respectively). In addition, the degree of response to acetylcholine of intrarenal perfusion, GFR, or ITC were also similar among the three consecutive measurements (P Ͼ 0.3 for all).
DISCUSSION
This study described an approach that enables obtaining simultaneous and minimally invasive indices of single-kidney RBF, GFR, and renal tubular function. Modeling EBCT-derived TDC as a series of gamma functions resulted in good detection of anticipated changes (both increments and decrements) in renal hemodynamics and function, which were also comparable to those obtained with other reference methods. Importantly, intrarenal measurements obtained distal to renal artery stenosis in pigs disclosed segmental tubular alterations in fluid reabsorption and a decrease in GFR proportional to the severity of stenosis. Therefore, this study demonstrates that EBCT can be used to obtain noninvasive and reliable simultaneous measurements of renal hemodynamics and function in the intact kidney in vivo.
A variety of techniques have been used for measurement of RBF or regional renal perfusion, but no single technique has reliably quantified both across a wide range of physiological conditions. Moreover, some of the methods are invasive and not readily applicable in humans (1) . Imaging techniques like magnetic resonance imaging (2), positron emission tomography (24), or X-ray computed tomography (17) , especially using intravenously injected indicators, may potentially have useful clinical applications. EBCT provides reliable measurements of renal volume and blood flow in humans (9, 16, 21) and may potentially be used for measurement of renal function.
In the present study, we compared EBCT quantifications of RBF with those obtained using an intravascular Doppler wire. The latter provides percutaneous single-kidney measurements of blood velocity (25) , whereas synchronous documentation of renal arterial diameter enables calculation of RBF (7). We found that measurements of RBF obtained with EBCT and intravascular Doppler were linearly correlated over a wide range of RBF values, with the slope of this regression approaching identity.
The relationship between EBCT and Doppler measurements indicated a small, consistent discrepancy between the two techniques, which was likely related to methodological aspects. The intravascular Doppler technique provides accurate measurements of APV in small, straight tubes with diameters up to 4.76 mm (5) . However, in larger or more tortuous tubes, as well as in flow rates above 200 ml/min, it significantly underestimates electromagnetic flow measurements, probably due to suboptimal positioning and instability of the wire or deformed flow profiles (5) . Many pigs included in the present study had renal artery diameters Ͼ5 mm and RBFs Ͼ200 ml/min. Therefore, in the renal circulation the limitations of this technique may become consequential and underestimate RBF. In addition, flow in collateral circulation and accessory renal arteries, which are found in 20-30% of normal individuals (6), would be detectable in the renal parenchyma by EBCT but may be missed by Doppler measurements obtained within the main renal artery. Inaccuracies in determination of renal artery diameter for calculation of Doppler-RBF cannot be excluded either. Alternatively, it is possible that despite accounting for filtered contrast during calculation of RBF with EBCT, or because of an unknown Doppler or EBCT calibration factor, EBCT consistently overestimates RBF. Because EBCT and Doppler measurements were not obtained simultaneously, temporal variations in RBF could have also played a role in the difference between the two. Nevertheless, there was generally excellent agreement between the two methods regarding the relative magnitude and changes in RBF. Moreover, EBCT-RBF was reproducible, and its physiological meaningfulness was underscored by its good correlation with the degree of renal artery stenosis, which evidently decreased renal perfusion pressure below the lower limit of RBF autoregulation. The lower cortical perfusion observed in group 4 at baseline was likely related to the younger age of the animals during that study (3-5 mo), because the developing piglet exhibits lower RBF and higher renal vascular resistance than its adult counterpart (34) . Nevertheless, its renal functional responses are intact (35) , as was also observed in the present study.
GFR is the standard measure of renal function and is critical for the diagnosis and management of renal diseases. Rigorous assessment of GFR requires renal clearance of an exogenous marker like inulin, which constitutes the most accurate method of measuring GFR but is unsuitable for routine clinical practice (11) . Many techniques using alternative filtration markers (10, 26) are limited by the need for urine collection (11) or repeated blood sampling and for ureteral catheterization to quantify single-kidney GFR. Renal scintigraphy, which compares relative GFR between the kidneys, cannot be used to reliably quantify a bilateral decrease in GFR or for longitudinal comparisons and can be skewed by renal depth (13) . On the other hand, extraction of paramagnetic (28) or X-ray (3) contrast agents in individual kidneys can be externally quantified in tomographic images and thus has potential usefulness for noninvasive measurement of single-kidney GFR. Furthermore, cross-sectional capability eliminates superimposition and may thus allow assessment of intra-renal GFR in different cortical regions.
In the present study we compared EBCT-derived GFR to its reference standard, inulin clearance (11) , and observed that these correlated well, with the slope of this relationship approaching unity. This suggests that our model provided faithful depiction of the accu-mulation of contrast media in the proximal tubule and demonstrates the plausibility of using its rate to calculate GFR. There may have been several reasons for the positive y-intercept, indicating overestimation of GFR by EBCT. Inulin clearance measurement was integrated over a 10-min period, whereas EBCT-GFR was measured during a 15-to 20-s long pass of the contrast bolus. Because GFR is a dynamic parameter (26) , small temporal fluctuations in GFR (33) are possibly less reflected in inulin clearance than in EBCT measurements. Variability in inulin concentration and EBCT measurements, or inaccuracy due to incomplete urine collection (11) , may also contribute to this difference. Last, the EBCT-measured increase in cortical density may be affected by filtrate reabsorption in the proximal tubule and likely also reflects contrast diffusion into the interstitial space. Although the magnitude of this diffusion is probably small compared with glomerular filtration, it may still lead to some overestimation of GFR by EBCT. A transient effect of the contrast medium per se during its first pass cannot be excluded either. Nonetheless, the relationship between EBCT and inulin clearance, and the reproducibility of EBCT measurements, demonstrated that this methodology provided a reliable index of GFR. Furthermore, its excellent correlation with the degree of renal artery stenosis further supports the potential value of these measurements for monitoring renal disease progression.
Evaluation of renal function can be further enhanced by measurements of tubular dynamics, reflecting in vivo the degree of fluid reabsorption along the nephron (18) . EBCT-measured loop of Henle and distal tubular transit times (Table 1) agreed closely with those previously measured in dogs using micropuncture and intra-arterial injections of lisamine green (36, 41) . Our proximal tubular transit time was longer than previously reported (16-22 s) , probably due to different administration routes of indicator (intravenous vs. intra-arterial injections) as well as species differences (22) . Indeed, using intra-aortic contrast injections in dogs, we have previously measured proximal tubular transit times of 18-23 s with EBCT (18) . In addition, compared with other tubular segments, transit time in the proximal tubule is particularly sensitive to variable experimental conditions such as hydration status and blood pressure (36) .
Administration of acetylcholine led to dilution of intratubular fluid throughout the nephron, most markedly in the collecting duct, and shortening of tubular transit times through the proximal and distal nephron segments. These EBCT findings were supported by diuresis and natriuresis observed in this group and agreed with the anticipated tubular effects of acetylcholine (38) . Like RBF and GFR, ITC measurements were also found to be reproducible.
The EBCT methodology enabled exploration of tubular dynamics distal to renal artery stenosis, whereby we observed a notable increase in ITC in all tubular segments. Although the decrease in contrast delivery and filtered load decreases its tubular content (19) , correction for concurrent RBF and GFR revealed increasingly augmented reabsorption along the nephron. The proximal tubular filtrate of the stenotic kidneys was twice as concentrated as that of control kidneys, likely due to the action of angiotensin II. During transit in the loop of Henle and the distal tubule, the filtrate maintained a concentration profile similar to that in control kidneys, suggesting that the main reabsorptive drive had been achieved in the proximal tubule. Nonetheless, filtrate flow along the nephron became progressively slower, probably due to a decrease in the driving intratubular pressure. By the time it reached the collecting duct, urine concentration was fivefold that of controls, suggesting distal fluid reabsorption. These observations extend previous micropuncture studies in superficial cortical nephrons during acute decrements of renal perfusion pressure (27, 36) . Our observations demonstrate these alterations in the intact stenotic kidney during chronic reduction of renal perfusion pressure.
Other mathematical models may possibly be utilized to depict renal vascular and tubular flow. Furthermore, although the first moment of tissue TDC has been widely used for estimation of MTT (31, 32) , within the framework of indicator-dilution theory (4, 39) appropriate modeling of the input and output functions is preferable; however, imaging a substantial portion of the renal vein is technically difficult. Our values of MTT were physiologically acceptable, and our measurements agreed with reference standards and with previous observations, suggesting that our approach provided adequate indices of RBF, GFR, and ITC. Other limitations of this technique are mainly related to the contrast load and radiation exposure. Although the dose of contrast media needed for these studies (0.5 ml/kg) is small relative to procedures such as renal angiography, it may present a limitation in patients with greatly compromised renal function. The radiation exposure also needs to be considered, as the effective dose equivalent involved in these renal studies (ϳ900 mR for men and women) is about twice that of a conventional chest computed tomography examination. However, this exposure amounts to only about half of the effective dose equivalent incurred during clinically common radiological examinations such as radionuclide thalium myocardial perfusion or coronary angiography, and the breadth and sensitivity of the information acquired in our studies may be beneficial and useful in providing comprehensive quantitative assessment of single-kidney hemodynamics and function.
In summary, the high spatial and temporal resolution of EBCT, and the linear relationship between computed tomographic image density and iodine concentration, allow illustration of contrast transit in the renal vascular and tubular compartments and thus simultaneous and reproducible measurements of regional renal perfusion, tubular dynamics, and GFR in intact bilateral kidneys. This technique can be useful for quantification of concurrent regional hemodynam-ics and function in intact kidneys in a manner potentially applicable to humans.
APPENDIX
In accordance with the classic indicator-dilution theory (31), EBCT-derived TDC are conventionally fitted with a standard gamma-variate curve-fitting algorithm (37) , which describes the change in contrast concentration as
where C(t) is the contrast medium concentration as a function of time, represented by the computed tomography numbers in Hounsfield units (HU), t is time (s) from appearance of the curve, and a, b, and c are curve-fitting parameters, which are calculated from each raw data set. We have recently shown (20) that when the indicator leaks from the vascular into the extravascular compartment, this bicompartmental distribution in the swine myocardium can be described as a sum of two exponents, both of which start at the origin (appearance time of the curve)
where the first term, c ‫ء‬ t ∧ a ‫ء‬ exp(Ϫt/b), represents the intravascular transit of contrast, whereas the second, c ‫ء‬ t ∧ a ‫ء‬ d‫ء‬ exp(Ϫt/h), represents its extraction into the extravascular space.
A similar approach can be used to describe the renal cortical TDC, where the bicompartmental distribution of the contrast medium involves its initial transit in the cortical blood vessels, followed by glomerular filtration and subsequently proximal tubular retention. The curve-fitting parameters a, b, and c hence describe the vascular transit of the bolus, and d and h describe accumulation and transit in the proximal tubule, respectively. However, the cortical TDC demonstrates a third peak (Fig. 1A) , corresponding to the transient return of intratubular contrast to the cortical distal tubule (18) . Because the arrival of tubular fluid in the distal tubule is delayed relative to the vascular or proximal tubular compartments, it is represented by an additional independent gamma function. The final model that depicts the transit of contrast in the three cortical compartments (vascular, proximal, and distal tubular) therefore has three components C͑t͒ ϭ c ‫ء‬ t ∧ a ‫ء‬ ͓exp͑Ϫt/b͒ ϩ d ‫ء‬ exp͑Ϫt/h͔͒ ϩ i ‫ء‬ t ∧ j ‫ء‬ exp͑Ϫt/k͒ (A3)
where i, j, and k are curve-fitting parameters, which describe the characteristics of distal tubular fluid flow, and are also calculated from each raw data set. The medullary TDC, on the other hand, exhibits two peaks (Fig. 1B) , which correspond to the transit of the contrast medium in the vascular compartment, followed by its arrival from the cortex by means of the tubular system into the medullary loop of Henle (18) . The filtrate (and contrast content) arriving in the loop of Henle originates from the cortex, rather than being extracted from the medullary vascular system. The vascular and Henle medullary curves are hence fitted by a different modification of the standard gammavariate fit, assuming the raw data to be a mathematical sum of two separate, independent gamma functions C͑t͒ ϭ c ‫ء‬ t ∧ a ‫ء‬ exp͑Ϫt/b͒ ϩ i ‫ء‬ t ∧ j ‫ء‬ exp͑Ϫt/k͒ (A4)
where a, b, and c and i, j, and k are again curve-fitting parameters, which describe contrast kinetics in the medullary vasculature and Henle loops, respectively.
The papillary TDC is similar in appearance to the medullary TDC, except that its second peak derives from transit of contrast in the collecting duct and is fitted with Eq. A4.
Once each TDC is "stripped" and the various regional compartments are individually modeled, the characteristics of each curve can be obtained separately for use in the conventional calculations. The area under the vascular curve will portray only intravascular flow, excluding filtered contrast, providing more a faithful representation of regional perfusion and blood flow. Furthermore, the area under each tubular curve, which represents the degree of ITC (18, 29) , can also be individually depicted and used to more reliably quantify the dynamics of tubular flow in the different nephron segments.
Notably, although ITC may be somewhat analogous to inulin TF/P, the two measures are not fully comparable. As opposed to inulin concentration, ITC does not rise monotonically along the nephron but seemingly decreases during transit from the loop of Henle to the distal tubule (Fig. 3) . One of the reasons for this phenomenon may be that ITC is measured from average regional tissue density whereas inulin TF/P can be sampled within single tubules. Average regional tissue radiodensity is also affected by the number of contrast molecules in the region of interest and, consequently, regional geometry (or tubular volume fraction). When contrast-media molecules arrive at the cortical distal tubule from the anatomically smaller medullary region, average ITC decreases because of distribution of the contrastfilled tubular fluid over a smaller tubular volume fraction relative to the medullary region in which it had been condensed. Nevertheless, on the assumption that interindividual differences or experimental changes in regional geometry are smaller than those in tubular fluid reabsorption, ITC can serve as a valid index of the reabsorption process.
